The first report of Plum pox virus (PPV) in North America followed the observation of PPV-like symptoms in peach fruit culls in a packing house in Pennsylvania in September 1999 (13) . All symptomatic fruit originated from a single block of peach (Prunus persica cv. Encore) in Adams County (13) . In response to the discovery of PPV infection in Adams County, a Plum Pox Virus National Surveillance Program was implemented in the United States. The survey method adopted for this program was based on survey methods for assessment of Citrus tristeza virus incidence developed by Hughes and Gottwald (6, 7) , and known as "hierarchical sampling." The U.S. Plum Pox Virus National Surveillance Program guidelines (18) were completed in March 2000 and have been implemented in several states where stone fruits are grown on a commercial scale. At the time of writing (November 2000), the only reports of PPV infection in the United States have come from orchards in Pennsylvania. In June 2000, the Canadian Food Inspection Agency (CFIA) confirmed the presence PPV infection in an orchard in Ontario. Additional PPV-positive sites have subsequently been identified in Ontario and Nova Scotia, using a survey method similar to that of the U.S. Plum Pox Virus National Surveillance Program.
Hierarchical sampling is a form of "group testing" that utilizes relationships between disease incidence at two levels in a spatial hierarchy (11) . Material is collected from groups of trees and assayed without distinguishing among individual trees in the group. Testing material from groups of trees saves time and labor (20) and so makes efficient use of resources devoted to sampling. Incidence at the scale of the individual tree is calculated by means of a formula that involves incidence at the scale of the group and group size. In conventional group testing, material collected from individuals is assigned to groups at random, prior to testing in the laboratory, and the disease status of one member of a group may therefore be assumed to be independent of the disease status of other members of the same group. In such circumstances, a formula based on the zero term of the binomial distribution may be assumed to be appropriate for the calculation of incidence at the scale of the individual tree. In the hierarchical sampling scheme, an orchard block is thought of as being divided into groups of four trees, each group in a two-by-two rectangular arrangement. Beginning at the corner of the block to be sampled, one out of the first four groups is selected at random, then every fourth group of four systematically after that (see Figure 1 in Hughes and Gottwald [7] ). In hierarchical sampling, the locations of sampled groups are recorded, so it is possible to return to a group found to be PPV positive either to re-test the individual trees (if a regulatory policy of only removing infected trees is in place) or to remove all the trees in the group (if that is the policy). When a group comprises a number of spatially adjacent trees, the virus status of one member of a group cannot be assumed to be independent of the virus status of other members of the same group. Because the virus status of a tree may not be independent of the virus status of its neighbors, use of a formula based on the binomial distribution may not be justified. An analysis that takes into account the pattern of infected trees at the within-group scale is required.
The objective of this article is to present the epidemiological data analysis that provides the scientific background to the adoption of the hierarchical sampling method for PPV incidence in the U.S. Plum Pox Virus National Surveillance Program.
MATERIALS AND METHODS
Laboratory assay for PPV. Laboratory protocols for PPV detection by enzymelinked immunosorbent assay (ELISA) are described by Levy (12) . A prerequisite for the implementation of a group testing procedure such as hierarchical sampling is that the laboratory assay must be capable of detecting a single infected individual in a group. To test this, leaf lamina disks were removed from both healthy and infected greenhouse-grown Stanley plum (Prunus domestica); total weight was 0.3 g of leaf tissue. The leaf tissue was ground at a dilution of 1:10 in PPV extraction buffer. ELISA for PPV detection was conducted according to the kit manufacturers' recommendations (Agdia Inc., Elkhart, IN, and Durviz S. L., Valencia, Spain) with the following modification. A dilution series of 16, 14, 12, 10, 8, 6 , 5, 4, 3, 2, 1, and 0 (control) PPV-positive leaf disks out of a total of 16 disks was tested against a dilution series of the PPV-specific monoclonal antibody 5B-IVIA (component A2 of the Plum pox virus (PPV) was first reported in North America in late 1999. As part of the eradication effort mounted in response to this finding, a Plum Pox Virus National Surveillance Program has been implemented in the United States. The survey method adopted for this program is a form of "group testing" that utilizes relationships between disease incidence at two levels in a spatial hierarchy, known as hierarchical sampling. Leaf material is collected from groups of four trees and tested by enzyme-linked immunosorbent assay (ELISA) for PPV infection without distinguishing between the individual trees in a group. PPV incidence at the scale of the individual tree is then calculated by means of a formula. Incidence data were collected during an initial survey conducted by the Pennsylvania Department of Agriculture from nine PPV-infected orchards in the fall of 1999 and from an additional 11 PPV-infected orchards during the spring and summer of 2000. The pattern of PPV-infected trees at the within-group scale was weakly aggregated. As a result, an effective sample size of
, rather than the nominal group size of four, should be used in the formula to calculate an estimate of incidence at the scale of the individual tree from observations of incidence collected at the group scale.
ELISA kit) as follows: 1:500, 1:1,000, 1:2,000, 1:4,000, 1:8,000, 1:10,000, 1:20,000 PPV-antiserum:buffer. ELISA reactions were incubated with alkaline phosphatase substrate at room temperature. Two duplicate wells were used per sample. After 1 h of incubation, absorbances were measured at 405 nm in an ELISA reader (Molecular Devices Corporation, Sunnyvale, CA). A sample was considered PPVpositive if the absorbance at 405 nm of the reaction was greater than 2.5 times that of the healthy tissue control. The experiment was repeated.
Initial field survey. Following the confirmation of PPV infection in Adams County, an initial survey was conducted by the Pennsylvania Department of Agriculture in the fall of 1999. In this survey, a number of orchard blocks with visual symptoms of PPV infection were located before leaf fall made further sampling impossible. Plots consisting of 400 trees in a 20 by 20 rectangular pattern were established in nine of these blocks (i.e., all those of sufficient size). In these plots, the location and PPV status (determined by ELISA) of each tree were recorded in the form of a "map." Missing trees were also recorded. More orchard blocks with visual symptoms of PPV infection were located when the survey was continued in the spring and summer of 2000. Using the same protocol as outlined above, an additional 11 plots were then mapped. These data, from 20 plots in all, provide a basis for the analysis of a relationship between the incidence of PPV infection at two spatial scales that underlies the hierarchical sampling method.
Characterizing a relationship between incidence at two spatial scales. Calculations relating to the lower of the two spatial scales (in this case, the individual tree scale) are denoted by the subscript "low," while those relating to the higher of the two scales (the group scale) are denoted by the subscript "high." Consider a set of orchard blocks, in each of which a plot has been assessed for PPV (each plot assessed for PPV is referred to as a "batch"). The jth batch (j = 1,2,..., M; in the present case, M = 20) comprises N j sampling units (a sampling unit is referred to as a "group"). In the ith group (i = 1,2,..., N j ) of the jth batch, there are n ij trees, of which X low,ij are PPV-positive. The proportion of PPV-positive trees in the ith group of the jth batch is:
The mean proportion of PPV-positive trees in the jth batch is:
which is an estimate of p low,j , the unobserved probability that a tree in the jth batch is PPV-positive. This represents disease incidence at the scale of the individual tree. The mean group size in the jth batch is:
and the mean group size over all batches is:
In the present study, the nominal group size is four trees, in a two-by-two rectangular arrangement. If there are missing trees, the calculated mean group sizes will be smaller than the nominal group size. For the analysis of the PPV data presented here, a grid representing N j = 100 groups of four trees was superimposed on the map for each batch, and each group assessed as PPV-positive (a group containing at least one PPV-positive tree) or PPVnegative (a group containing no PPV-positive trees). In the jth batch, X high,ij = 1 if the ith group is classified as PPV-positive or X high,ij = 0 if it is classified PPV-negative. Thus, in the jth batch there are:
PPV-positive groups. The proportion of PPV-positive groups in the jth batch is:
which is an estimate of p high,j , the unobserved probability that a group in the jth batch contains at least one diseased tree. This represents disease incidence at the group scale. The X low,ij , n ij data were used to calculate the (approximate) observed variances of PPV incidence: the values of the estimates Â and b (9, 14) . The values
correspond to a random pattern described by the binomial distribution. If the position of the fitted regression line is above the theoretical "binomial line" (i.e., observed variance = binomial variance), this is indicative of aggregation at the within-group scale that can be described by the beta-binomial distribution (9, 14) .
The same X low,ij , n ij data were analyzed using the methodology described by Hughes and Madden (10) (10) . Fitting a beta-binomial model amounts to fitting beta-binomial distributions to the frequency distributions of PPVpositive trees per group, allowing a different mean incidence for each batch and an estimate of the aggregation parameter ( ) θˆ common to all batches (10) . Similar analyses were also carried out separately for the subset of the data collected during the fall of 1999 (in which batch is a factor with nine levels) and for the subset collected during the following spring and summer (in which batch is a factor with 11 levels).
A graphical plot of PPV incidence at the group scale against PPV incidence at the tree scale was calculated. For a random pattern of PPV-positive trees at the withingroup scale, a formula based on the zero term of the binomial distribution may be used to describe the data plotted in this way (15) . In this case, the probability that a group contains at least one PPV-positive tree (p high ) is related to the probability that an individual tree is positive (p low ) by:
For data that are aggregated at the withingroup scale, the points ( ) were used as a basis for estimating disease incidence at the scale of the individual tree from observed data for incidence at the group scale:
(a tilde being used to refer to an estimate that has been made from observations at a spatial scale other than the one denoted by its subscript), it would tend to produce underestimates.
Effective sample size. Aggregation at the within-group scale is the tendency for trees in the same group to have the same PPV status (either positive or negative). Because of this, less information about PPV incidence is obtained from withingroup replicates than would be the case if the PPV status of a tree could be regarded as independent of the PPV status of others in the same group. Essentially, aggregation means that less than four trees-worth of information is obtained from a group of four trees. In such cases, an "effective sample size" (denoted ν, lowercase Greek "nu") can be substituted for n (15) . This provides a basis for a simple equation in the format of equation 1:
that, by straightforward rearrangement, gives:
Mean incidence at the scale of the individual tree may then be estimated from observations made at the group scale from:
The estimate of effective sample size can be calculated from equation 10 in Madden and Hughes (15) using the common betabinomial aggregation parameter estimate ( ) θˆ, obtained as described above.
RESULTS
The ability of ELISA to detect various mixtures of PPV-positive and PPV-negative tissue is shown in Table 1 . At the standard antiserum dilution of 1:1,000, the results show that the laboratory assay used for PPV can reliably detect the virus if there are two or more PPV-positive leaves among 16 leaves tested together (Table 1) . Equivalent results (data not shown) were obtained from the repeat of the experiment, leading to the same conclusion.
Mean group size calculated for each batch was in the range 2.3 ≤ n j ≤ 4.0, and calculated mean group size over all batches was n = 3.7. The graphical plot of observed variance against binomial variance, with logarithmic scales on both axes, was linear ( Fig. 1) and had a slope of 1.06 (SE = 0.04) and an intercept of 0.20 (SE = 0.09). The position of the fitted regression line, slightly above the theoretical binomial line (i.e., observed variance = binomial variance) (Fig. 1) , is indicative of weak aggregation of PPV incidence at the withingroup scale.
Fitting a beta-binomial model with a common aggregation parameter to all the X low,ij , n ij data, after first fitting the linear logistic model with a separate location parameter for each batch, resulted in a reduction in the residual deviance. The likelihood ratio statistic was 39.9 (1 df) (P < 0.001). The maximum likelihood estimate of the beta-binomial aggregation parameter provided by this procedure was 09 . 0 = θ (SE = 0.02), also indicative of weak aggregation of PPV incidence at the within-group scale. When separate analyses were carried out for the subset of the data collected during the fall of 1999 and for the subset collected during the following spring and summer, the maximum likelihood estimates of the beta-binomial aggregation parameter were provides a good description of the observed data (Fig. 2) .
DISCUSSION
In the hierarchical sampling scheme, the sample covers 25% of the trees in a block. The sampling unit is a group of four trees in a two-by-two rectangular arrangement. In practice, three to four leaves are taken from each tree, one leaf from each main scaffold (16) . Leaf material from each sampling unit is kept as a bulked sample. For subsequent laboratory assay, this bulked sample is divided into two subsamples of six to eight leaves each. If neither of the subsamples provides a PPV-positive ELISA result, the group is recorded as PPV-negative; otherwise the group is recorded as PPV-positive. Since only PPV incidence at the group scale is assessed in this way, PPV incidence at the scale of the individual tree is then calculated from equation 3, with
The choice of a nominal group size of four trees reflects both the practicability of operating the scheme in the field and detecting PPV in the subsequent laboratory assay, as well as the statistical criteria required for a group testing procedure. When assessing the statistical criteria for group size and, in particular, the appropriateness of a group size of four as judged by these criteria, two issues predominate. The first is that estimates of incidence at the individual tree scale made from data collected at the group scale may be biased. The extent of the bias depends on the actual incidence of PPV (the true value of p low ), the number of groups, and the number of trees per group. The problem of bias tends to be more serious with a small number of groups and/or large numbers of trees per group (19) . At the low levels of PPV incidence observed in Adams County, PA, the bias associated with estimates of PPV incidence made from the hierarchical sampling scheme is likely to be negligible. The second issue is that if group size is too large, all groups are likely to test positive even at small levels of p low . It is desirable to choose a nominal group size that will result in some groups testing positive and some negative (4) . At the low levels of PPV incidence observed in Adams County, a group size of four trees meets this requirement. These statistical considerations are not in conflict with the additional requirements relating to detection and practicability mentioned above. If anything, the requirement for practicability of the method from the point of view of field operation will lead to the adoption of smaller group sizes than are strictly necessary from a statistical point of view.
PPV is known to be unevenly distributed within infected trees, and virus titer can fluctuate during a growing season. Nondetection problems may occur if the virus is not fully systemic at the time of sampling (1,2) or because of low virus titer. If one or more PPV-infected trees in a group were not detected, the group may be falsely counted as PPV-negative. The chance of such false negatives occurring has to be considered when deciding on the policy implications of finding one or more PPVpositive groups in an orchard block. At the time of writing, the policy in Pennsylvania is that if a single PPV-positive group is found in a block, then the entire block is removed, including trees in groups that gave negative tests and those not tested. Even if detection were 100% accurate, there remains the possibility that an orchard block may be declared free of PPV infection when there is actually some (usually small) level of infection in the block. This occurs when, by chance, none of the PPV-infected trees present in the block are included in the sample. There is always a chance of such a misclassification when decision making is based on information obtained by sampling. This probability of reaching this type of false negative decision depends mainly on the true value of incidence and on sample size, and is shown by plotting the operating characteristic function of the sampling scheme (5-7). Orchard blocks that are declared free of PPV but are located in high-risk areas may be resampled at intervals to reduce the chance of missing an infection.
Of the 35 states that took part in the U.S. Plum Pox Virus National Surveillance Program during 2000 (most of which have adopted hierarchical sampling), Pennsylvania was the only one to report PPV-positive results. Of the rest, only PPV-negative samples were reported by 28 states and 6 had not made data available at the time of writing. It is therefore of interest to ask what conclusions can be drawn when only PPV-negative samples are reported. If the beta binomial is assumed to describe the distribution of infected plants per sampling unit, an approximate upper confidence interval for disease incidence can be determined when no infected plants are observed in samples (16, 17) . The method described uses a negative binomial approximation of the beta-binomial distribution. Here we note an alternative method of obtaining an upper confidence interval for disease incidence, when no PPV-positive trees are observed, that employs the effective sample size ( ) νˆ. An approximate one-sided % 100 ) 1 ( ⋅ − P confidence interval from 0 to p u , where P is The values of P and p u may be specified to meet regulatory requirements.
Important information on the species diversity and population dynamics of the vectors of PPV in Adams County, and in other areas that take part in the U.S. Plum Pox Virus National Surveillance Program, is still lacking. The value of effective sample size that we have calculated likely reflects the outcome of virus spread by a spectrum of aphid vector species, the range of which is not yet fully established. Further information on the vectors of PPV present in Adams County, and on their behavioral ecology, will help to establish the range over which the value 2 . 3 = ν is applicable. If PPV is subsequently detected in areas where it is established that a different complement of aphid vector species is operating, a different value of effective sample size may need to be adopted for calculations of PPV incidence at the scale of the individual tree.
